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ABSTRACT 

Using computer program simulations of the command 
module guidance system, digital autopilot and spacecraft 
rigid body rotational dynamics, evaluations of C . G .  motion 
and initial thrust mistrim effects on single burn LO1 and 
T’EI maneuvers were made. 
and vehicle parameters were used with the SUNDISK/COLOSSUS 
autopilot. 

Preliminary lunar landing trajectory 

The digital autopilot simulation includes the 
start-up delay, the bsecond interval before steering signal 
acceptance and the use of a time-to-go algorithm f o r  
steering termination. In addition, unity autopilot/dynamics 
simulations of both maneuvers were made and used as the 
reference (ideal) case. 

Center of gravity motion (due to propellant 
consumption) produces thrust - C.G. misalignment and sub- 
sequent transient cross-axis error velocity maximum of 3.8 
fps for LO1 and 3.5 fps f o r  TEI. When 30 initial SPS thrust 
mistrim is added, the values become 10 fps f o r  LO1 and 11 f’ps 
for TEI. In all cases, the Guidance and Control system 
smoothly and completely eliminated the error velocities by 
the end of the burn and from a cross-axis error velocity 
viewpoint is a completely satisfactory system for LO1 and 
TEI. 
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1. I N T R O D U C T I O N  

The pu rpose  of  t h i s  s t u d y  was t o  e v a l u a t e  t h e  
e f f e c t s  o f  c e n t e r  o f  g r a v i t y  mot ion  (due  t o  p r o p e l l a n t  
consumption)  and i n i t i a l  SPS motor  t h r u s t  m i s t r i m  on s i n g l e  
b u r n  Lunar O r b i t  I n s e r t i o n  ( L O I )  and t h e  T r a n s e a r t h  I n j e c t i o n  
( T E I )  maneuvers.  The f i g u r e  o f  meri t  used  i s  t h e  d e v i a t i o n  
i n  v e h i c l e  c r o s s - a x i s  v e l o c i t y  f rom t h a t  o b t a i n e d  by u n i t y  
( i d e a l )  a u t o p i l o t  and v e h i c l e  dynamics s i m u l a t i o n .  

For  t h i s  s t u d y ,  t h e  command module gu idance  s y s t e m ,  
d i g i t a l  a u t o p i l o t  (DAP) and r i g i d  body r o t a t i o n a l  dynamics 
s i m u l a t i o n s  i n  t h e  Bellcomm Powered F l i g h t  Performance 
S i m u l a t o r  computer program were u s e d .  V e h i c l e  p a r a m e t e r s  and  
p r e l i m i n a r y  r e f e r e n c e  t r a j e c t o r y  data were t a k e n  from 
Refe rences  2 ,  3 ,  5 and 7 .  

2. SIMULATION METHODS AND ASSUMPTIONS 

a .  Guidance System 

For  t h e  LO1 i n t o  a 1 0 0  n a u t i c a l  m i l e o r b i t ,  and f o r  
t h e  T E I  maneuver,  t h e  v e l o c i t y  t o  be  g a i n e d  ( V G )  e q u a t i o n  used  
i s :  

- 
m = V R - v  Eq. 1 

where i s  t h e  v e l o c i t y  r e q u i r e d  and 7 i s  t h e  "on-board" 
measurement o f  v e h i c l e  v e l o c i t y .  The e q u a t i o n  i s  s o l v e d  e v e r y  
gu idance  c y c l e  by t h e  Command Module Computer. The t a r g e t  
v e c t o r  da ta  used  i n  s o l v i n g  f o r  VR was t a k e n  from Refe rence  2 .  
The s i m u l a t i o n  LO1 and T E I  burn  t i m e s  and bu rn  o u t  p o s i t i o n /  
v e l o c i t y  data  v e r y  c l o s e l y  match t h o s e  i n  t h e  p r e l i m i n a r y  
r e f e r e n c e  t r a j e c t o r y  documents.  
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The famil iar  c r o s s  p r o d u c t  s t e e r i n g  e q u a t i o n :  

Eq. 2 

was used  f o r  t h e  s i m u l a t i o n s .  Values  of  C=l ana  K = . O 7 5  were 
used f o r  LOI, C=.5 and K = . l  were used  for T E I .  

b .  D i g i t a l  A u t o p i l o t  ( D A P )  

The DAP s i m u l a t i o n  used i s  t h a t  i n  t h e  SUNDISK GSOP 
and i n c l u d e s  a l l  s i g n i f i c a n t  e f f e c t s ;  t h e  s t a r t - u p  d e l a y  o f  
. 6 7 5  seconds ,  t h e  4-second i n t e r v a l  b e f o r e  s t e e r i n g  command 
a c c e p t a n c e ,  and t h e  r e j e c t i o n  o f  new s t e e r i n g  s i g n a l s  when t h e  
t ime-to-go ( T G O )  i s  l e s s  t h a n  4 s econds  a r e  i n c l u d e d .  TGO was 
computed u s i n g  t h e  a l g o r i t h m  implemented i n  t h e  CM computer ,  
( R e f e r e n c e s  5 and 8 ) ,  and i s  g i v e n  i n  t h e  Appendix.  

For t h e  LO1 maneuver, u s i n g  t h e  CSM/LM v e h i c l e ,  t h e  
s e v e n t h  o r d e r  d i g i t a l  f i l t e r  was u s e d .  For T E I ,  w i t h  t h e  CSM 
v e h i c l e ,  t h e  f i r s t  o r d e r  f i l t e r  was s i m u l a t e d  i n  t h e  DAP l o o p .  
DAP c y c l e  t i m e  o f  40 m i l l i s e c o n d s  was used e x c e p t  a f t e r  " s w i t c h "  
( a t  6 s e c o n d s )  f o r  t h e  CSM/LM c o n f i g u r a t i o n  when t h e  f i l t e r  
g a i n  was q u a r t e r e d  and t h e  c y c l e  t i m e  changed t o  80 
m i l l i s e c o n d s .  

A "Unity A u t o p i l o t "  s i m u l a t i o n  o f  b o t h  maneuvers 
was made. For t h e s e  c a s e s ,  t h e  commanded p i tch-yaw r o t a t i o n  
r a t e s  a re  assumed t o  b e  i n s t a n t l y  a c h i e v e d .  T h i s  s i m u l a t e s  a 
u n i t y  g a i n  i n e r t i a l e s s  i d e a l  sys tem which was used  f o r  
gu idance  per formance  comparison w i t h  t h e  a c t u a l  DAP and v e h i c l e  
dynamics s i m u l a t i o n s .  

c .  V e h i c l e  Parameters 

The  b a s i c  t h r u s t  and mass p a r a m e t e r s  were t a k e n  
from Refe rence  2 .  Mass a t  LO1 s t a r t  was 2786.96 s l u g s ,  a t  
T E I  s t a r t  1 0 2 4 . 4 0  s l u g s .  Thrus t  o f  t h e  SPS motor  was t a k e n  as  
2 0 , 0 0 0  pounds i n  a l l  c a s e s .  For b o t h  maneuvers ,  c e n t e r  o f  
g r a v i t y  l o c a t i o n ,  p i t c h  and y a w  i n e r t i a s ,  and t h r u s t  - C . G .  
l e v e r  arm data  was p r o v i d e d ,  as  a f u n c t i o n  o f  v e h i c l e  mass, by 
Refe rence  7 .  
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I n i t i a l  SPS t h r u s t  m i s t r i m  data  was taken from 
t h e  data and e q u a t i o n s  i n  Refe rence  1. Va lues  used  i n  t h i s  
a n a l y s i s  a re :  

L O I ,  3 a  m i s t r i m  = 1.21O i n  p i t c h  and yaw 

T E I ,  30  m i s t r i m  = 1 .73"  i n  p i t c h  and yaw 

These v a l u e s  o f  m i s t r i m  i n c l u d e  t h e  c o n t r i b u t i o n s  o f  t h e  
t h r u s t  v e c t o r  c o n t r o l  system e r r o r  s o u r c e s  and t h e  c e n t e r  o f  
mass u n c e r t a i n t y .  I n  o r d e r  t o  i s o l a t e  t h e i r  e f f e c t s ,  i n i t i a l  
t h r u s t  m i s t r i m  and C . G .  motion a r e  t h e  o n l y  two e r r o r  s o u r c e s  
which were i n c l u d e d  i n  the  s i m u l a t i o n s .  Idea l  g u i d a n c e  s y s t e m  
a l ignmen t  and o p e r a t i o n  i s  assumed i n  a l l  c a s e s .  

3 .  RESULTS 

To i s o l a t e  and e v a l u a t e  t h e  e f f e c t s  due t o  C . G .  
mot ion ,  c a s e s  f o r  O o  i n i t i a l  m i s t r i m  c o n d i t i o n s  were s i m u l a t e d  
f o r  each  maneuver. The O o  i n i t i a l  m i s t r i m  c u r v e s  of F i g u r e s  1 
t h r o u g h  4 are  p l o t s  of t h e  d i f f e r e n c e  i n  p i t c h  and yaw p l a n e  
v e l o c i t y  between t h e  DAP and t h e  u n i t y  DAP s i m u l a t i o n s .  T h i s  
i s  e q u i v a l e n t  t o  t h e  d i f f e r e n c e  between nominal  and i d e a l  
v e h i c l e  pe r fo rmance .  The 30 i n i t i a l  m i s t r i m  c u r v e s  a re  p l o t s  
of  t h e  v e l o c i t y  d i f f e r e n c e  between t h e  30 and u n i t y  DAP c a s e s .  

P r e v i o u s  DAP/vehicle a n a l y s e s  ( R e f e r e n c e  8 )  showed 
t h a t  f o r  t h e  CSM/LM v e h i c l e  t h e  v e l o c i t y  e f f e c t s  due t o  C . G .  
mot ion  are g r e a t e r  i n  t h e  p i t c h  t h a n  yaw p l a n e .  T h i s  i s  
f u r t h e r  confirmed by comparing t h e  O o  i n i t i a l  m i s t r i m  c u r v e s  
of  F i g u r e s  1 and 2 .  These c u r v e s ,  which g i v e  t h e  d i f f e r e n c e  
between nominal  and idea l  c r o s s - a x i s  v e l o c i t y  as a f u n c t i o n  
of  bu rn  t i m e ,  show t h a t  t h e  C . G .  mot ion  e f f e c t s  produce  maxima 
of 3 f p s  i n  t h e  yaw p l a n e  and 3 . 8  f p s  i n  t h e  p i t c h  p l a n e  f o r  
t h e  LO1 maneuver.  The t h r u s t  mi sa l ignmen t  c o r r e c t o r  l o o p  i n  
t h e  DAP and t h e  c ross -p roduc t  s t e e r i n g  law produce  C . G .  motion 
e f f e c t  c o r r e c t i o n s  which d r i v e  t h e  e r r o r  v e l o c i t y  t o  z e r o  a t  
t h e  end of t h e  burn  i n  t h e  c h a r a c t e r i s t i c  c r o s s - p r o d u c t  
s t e e r i n g  f a s h i o n .  Reference  8 a l s o  proved  t h a t  t h e  e f f e c t s  o f  
- +3a i n i t i a l  t h r u s t  m i s t r i m  a r e  symmet r i ca l  abou t  t h e  0' m i s t r i m  
c u r v e .  Because of t h i s ,  on ly  +3a c u r v e s  a r e  p r e s e n t e d  he re .  
R e f e r r i n g  t o  F i g u r e  1, +3a v a l u e s  of  i n i t i a l  m i s t r i m  p roduce  
maxima o f  8 and 1 0  f p s  r e s p e c t i v e l y  i n  t h e  p i t c h  p l a n e .  These 
v a l u e s  q u i c k l y  and smoothly approach  t h o s e  due  t o  C . G .  mot ion  
a l o n e  and produce  no res idua l  v e l o c i t y  e r r o r  e f f e c t s  a t  t h r u s t  
t e r m i n a t i o n .  

I n  t h e  yaw p l a n e ,  t 3 a  i n i t r a l  m i s t r i m  p roduces  maxima 
o f  11 and 1 0  f p s  r e s p e c t i v e l y  ( F i g u r e  2 ) ,  t h e  c u r v e  s h a p e s  
b e i n g  v e r y  comparable  t o  t h e  p i t c h  c a s e .  
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Data on t h e  T E I  maneuver ( F i g u r e s  3 and 4), shows 
t h a t  t h e  C . G .  mot ion  e f f e c t s  (0 '  i n i t i a l  m i s t r i m  c u r v e s )  a re  
2 . 5  f p s  and 3 . 5  f p s  maximum i n  p i t c h  and yaw r e s p e c t i v e l y  and 
t h a t  t h e  c h a r a c t e r i s t i c  c ros s -p roduc t  s t e e r i n g  e f f e c t  i s  a l s o  
v e r y  a p p a r e n t  i n  t h e  curve  shapes.  I n i t i a l  m i s t r i m  o f  +30 
produced maxima o f  9 f p s  i n  b o t h  p l a n e s  which t h e n  were-very 
w e l l  c o n t r o l l e d  and e l i m i n a t e d  by c u t - o f f  t i m e .  

SUMMARY AND CONCLUSIONS 

For  e i t h e r  t h e  L O 1  and T E I  maneuver C . G .  mo t ion  
p roduces  c r o s s - a x i s  v e l o c i t y  e r r o r  maximum of  3 .8  f p s  or l e s s .  
A l l  C . G .  mot ion e f f e c t s  are smoothly and c o m p l e t e l y  c o r r e c t e d  
f o r  by t h e  end o f  t h e  burn .  
c o r r e c t o r  l o o p  and t h e  c ros s -p roduc t  s t e e r i n g  law produce  a 
v e r y  s a t i s f a c t o r y  c o n t r o l  sys t em when e v a l u a t e d  w i t h  t h e  c r o s s -  
a x i s  e r r o r  v e l o c i t y  c r i t e r i a .  

The DAP t h r u s t  misa l ignment  

For +3a v a l u e s  of i n i t i a l  m i s t r i m ,  t r a n s i e n t  c r o s s -  
a x i s  v e l o c i t y  a e v i a t i o n s  o f  up t o  11 f p s  o c c u r ,  however,  t h e  
sys tem,  as  s y n t h e s i z e d ,  had no d i f f i c u l t y  i n  c o n t r o l l i n g  t h i s  
e f f e c t  and p roduc ing  t h e  c h a r a c t e r i s t i c  c r o s s - p r o d u c t  s t e e r i n g  
smooth c u r v e  r e a c h i n g  e s s e n t i a l l y  z e r o  a t  t h r u s t  t e r m i n a t i o n .  

2012-FL-ek F .  La  P i ana  

Attachment  s 
Appendix 
F i g u r e s  1, 2 ,  3 & 4 
Re fe rences  
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APPENDIX 

Trajectory and Vehicle Parameters 

A. Trajectory Data - Inertial Selenocentric Coordinates 

Initial Position(ft) X 
Y 
Z 

Initial Velocity(fps) 2 

Nominal End of Burn 
Position( ft ) 

Nominal End of Burn 
Velocity( fps) 

Time of Burn(Sec) 

B. Vehicle Parameters 

LO1 - 

4675554.  
4007883.  
1775855 .  

4237 - 7 7 2 1  
-5575.0024 
-4234 - 2 5 2 9  

5860571.  
1995187 
505647.  

1719 .4316  
-4499.9447 
-2173.3359 

382 . i o 6  

LO1 
Thrust(1bs) 
Mass (slugs) Initial 

End of Burn 

2 0 , 0 0 0 .  

2786 .9603  
2032.6797 

TE I - 
745609 .  
5655407.  
2392799 

5239.6414 
-437 90385 
-595 .10425 

1 5 8 8 1 2 6 .  
5545135 
2267285.  

7706 A 2 6 1  
-1254.0516 
-1330.0475 

1 1 9 . 0 6 7  

T E I  - 
2 0 , 0 0 0 .  

1024 .3970  
789 .3580  
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APPENDIX ( C o n t i n u e d )  

1. GLC ( c r o s s  p roduc t  
s t e e r i n g  e q u a t i o n  
c u r v a t u r e  c o n s t a n t )  

K1 ( c r o s s  p r o d u c t  
e q u a t i o n  g a i n )  

* 0 7 5  

F i l t e r  g a i n  ( I n i t i a l )  .0082 

Decrement . 0 0 0 0 8 1  

3 0  I n i t i a l  T h r u s t  
M i s t r i m ( d e g )  

1.21O 

Time-to-Go Algor i thm (from Refe rence  5 )  

r 1 
I _.- - -  

T G O  = -VG 1 AVG 1 I l t  
j 

V G * l A V G  
2VE I 

! I 

Where E and iaVG are  t h  

- TDECAY 

- 5  

.1 

4 ~ 2 2 6 3  

- 1 3 6 4 7 3 7  

1 . 7 3 "  

v e l o c i t y  t o  ,,e ga ined  and 
-~ 

i t s  d i r e c t i o n  of change i n  one gu idance  c y c l e .  
gu idance  sys tem c y c l e  t i m e ,  and VE i s  t h e  eng ine  e x h a u s t  
v e l o c i t y .  
z e r o  f o r  t h i s  a n a l y s i s .  

AT i s  t h e  

TDECAY i s  t h e  t h r u s t  t a i l - o f f  c o r r e c t i o n  f a c t o r ,  
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